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ABSTRACT Pale, soft, exudative (PSE) turkey meat is
a growing problem for the industry of further processed
poultry meat. The low pH condition due to rapid glycoly-
siswhilethebodytemperatureisstillhighleadstoprotein
denaturation, causingpale color andreduced water-hold-
ing capacity. This condition impacts product yield and
quality. These studies were designed to estimate the inci-
dence of PSE broiler meat in a commercial plant and
to use response surface methodology to characterize the
relationship between pH and lightness (at deboning and
at 24 h postmortem), expressible moisture, drip loss, and
cook loss.
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INTRODUCTION
Pale, soft, and exudative meat (PSE) is a growing prob-
lem in the poultry industry. Characteristics of PSE meat
are paleness, low water-holding capacity, and formation
of soft gels (Ferket and Foegeding, 1994; Barbut, 1997;
Owens et al., 2000). This defective meat is the result of
accelerated postmortem metabolism, which results in a
rapid postmortem pH decline while carcass temperatures
are still high. This combination can result in protein dena-
turation in the muscle that leads to paler meat color,
decreased water-holding capacity, and softer texture
(Warriss and Brown, 1987; Santos et al., 1994).
Poultry may be susceptible to the same types of ante-
mortem and postmortem stressors as swine. These stres-
sors include environmental temperatures (Cassens et al.,
1975), preslaughter handling practices (D’Souza et al.,
1998), stunning methods (Backstrom and Kauffman,
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Paleﬁllets hadsigniﬁcantlylower pH,greater L*values
at 3 and 24 h postmortem, and higher expressible mois-
ture, drip loss, and cook loss. The lower water-holding
capacity of the pale ﬁllets was characteristic of PSE meat.
Additionally, L* values were measured on 3,554 boneless
broiler breast ﬁllets in a commercial processing line. By
using the L* value range (>54) from the pale group of
ﬁllets as an indication of paleness, approximately 47% of
the 3,554 ﬁllets were pale and could potentially exhibit
poorwater-holdingcapacity.Theseresultsmaynotrepre-
sent the entire industry but indicate that PSE chicken
can represent a substantial proportion of commercially
processed broiler meat.
1995), and chilling regimes (Offer, 1991). These stressors
cause accelerated rigor development in some carcasses.
McKee and Sams (1998) reported that higher postmortem
carcass temperatures (>20 C) in turkey resulted in lighter
meat with higher drip loss and cook loss.
Theincreasingdemandforturkeyproductsbyconsum-
ers has shifted turkey sales from whole birds to further
processed products, which now comprise a large portion
of turkey sales. PSE meat can cause problems during
cooking in certain types of further processed turkey prod-
ucts, such as formed breast loaves and rolls, by increasing
purge in the cook-in bags, which results in a product with
decreased cook yield and a dry texture that is unaccept-
able to the customer. For the processor to salvage the
product, they usually must repackage it. Repackaging
increases costs due to low product yield, extra packaging
material, and more labor.
On the other hand, chicken (broilers) is still marketed
primarily as deboned whole-muscle products, such as
boneless ﬁllets. There is potential for great economic loss
inwhole-muscleproductsandfurtherprocessedproducts
due to greater drip loss, decreased water-holding capac-
ity, and texture problems. However, the incidence of PSE
in broiler meat has not been established. Therefore, this
study was designed to estimate the incidence of PSE
Abbreviation Key: PSE = pale, soft, exudative.
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chicken in a commercial broiler processing plant and to
use response surface methodology to characterize the re-
lationship among pH, lightness (L*value), drip loss, and
expressible moisture.
MATERIALS AND METHODS
Experiment 1
In ﬁve trials, a total of 415 whole broiler breast ﬁllets
was collected from the deboning line (approximately 3
h postmortem) of three commercial processing plants,
representing three different companies, over the course
of 1.5 yr. Fillets were subjectively evaluated based on
color and placed into one of two categories: paler than
normal or normal color.
CIE color space L* value (lightness of color) of all ﬁllets
inbothcolorgroupswasobjectivelyevaluatedatapproxi-
mately3and24hpostmortemwithaMinoltacolorimeter4
programmed to deliver an average of three separate color
readings on the medial surface of each ﬁllet. Muscle pH
was directly measured at 3 h postmortem with a Metoxy
pH spear probe (Model MXT-6700F)5 and meter (Model
HM-17MX)5 calibrated with pH 4 and 7 buffers. Fillets
were weighed at time of collection, placed in individually
numbered and perforated (to allow for drip loss) plastic
bags, and kept in a 4 C cooler overnight. The ﬁllets were
reweighed at 24 h postmortem for drip loss determina-
tion. Expressible moisture analysis was determined using
the ﬁlter paper press method described by Urbin et al.
(1962).
Cook loss was evaluated in Trials 3, 4, and 5 only (n =
255) and was determined by calculating the weight loss
during cooking as a percentage of the weight before cook-
ing. Fillets were randomly assigned to a pan with equal
representationofbothcolorgroupsineachpan.Theﬁllets
were then placed on raised wire racks in pans lined and
covered with aluminum foil and were cooked at 180 C
to an internal temperature of 76 C in a convection oven.6
DataweresubjectedtoAVOVA,regressionandcorrela-
tion analysis using procedures of SAS software (1985).
Because there was no signiﬁcant interaction between trial
and color grouping for the analysis of meat attributes,
the data from the ﬁve trials were combined for the color
group attribute means. Signiﬁcance was determined at P
≤ 0.05. Response surface graphs were generated (SPSS
Science,1997)withmodelsselectedbasedonMallow’sCp
statistic to graphically describe the relationship between
multiple variables.
Experiment 2
Color was measured on multiple ﬁllets to determine
the incidence of pale ﬁllets. L* values were measured at
4Model CR-200, Minolta Corp., Ramsey, NJ 07446.
5Cypress Systems, Lawrence, KS 66047.
6Model Zephaire-G, Blodgett Oven Co., Burlington, VT 05402.
TABLE 1. Means of meat quality attributes from normal
and pale broiler breast ﬁllets
Meat color group
Measurement Normal Pale
L* value (3 h) 51.38b 60.41a
L* value (24 h) 52.15b 59.81a
pH 6.07a 5.76b
Expressible moisture1 25.18b 30.61a
Drip loss2 3.32b 4.38a
Cook loss2 21.02b 26.39a
a,bP ≤ 0.05.
1Moisture released under pressure as a percentage of total meat mois-
ture.
2Percentage of ﬁllet weight.
3 h postmortem, immediately after deboning, on a total
of 3,554 ﬁllets during the same visits to the same ﬁve
plants as in Experiment 1. The percentage of pale ﬁllets
was determined based on pale group L* value ranges that
were collected from ﬁllets in the ﬁrst experiment. Data
were separated at each incremental increase in L* value,
and percentages were calculated and plotted in a his-
togram.
RESULTS AND DISCUSSION
Characterization-Experiment 1
Means of meat quality attributes from normal and pale
broiler breast ﬁllets were signiﬁcantly different and are
presented in Table 1. As expected, pale ﬁllets had signiﬁ-
cantly higher L* values at 3 and 24 h, lower muscle pH,
and higher expressible moisture, drip loss, and cook loss.
These trends are consistent with the general PSE mecha-
nism of rapid pH decline causing protein denaturation,
paleness, and loss of water-holding capacity.
Correlation coefﬁcients for expressible moisture, drip
loss, cook loss, pH, and 3 and 24 h L* values are given
in Table 2. As expected, expressible moisture, drip loss,
and cook loss were signiﬁcantly (P < 0.0001) and nega-
tively correlated with pH and positively correlated with
L* values at 3 and 24 h.
Water-holding capacity is an important meat quality
attribute and is one factor used for evaluating PSE meat.
One method used to determine water-holding capacity
is expressible moisture. The relationship between mean
expressible moisture for each increment of L* value at 3
h was linear and positive (Figure 1). However, when
pH was added to the model, the relationship between
expressible moisture, pH, and L* value at 3 h (Figure 2)
indicated that as L* value and pH increased, expressible
moisture also increased but at a decreasing rate. This
relationship suggests that pH was inﬂuencing the model,
but its importance seemed to decrease at lower 3-h pH
values. There also appeared to be a region between L*
values of 50 and 55 in which the pH effect approached
a plateau, which may indicate an L* value and pH value
coinciding with protein damage and loss of water. The
fact that expressible moisture is elevated in conditions of
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TABLE 2. Correlation coefﬁcients (P values) between expressible moisture, drip loss, cook loss, pH,
and L* value (3 and 24 h) of broiler breast ﬁllets
Measurement pH L* value (3 h) L* value (24 h)
Expressible moisture −0.368 0.429 0.472
(0.0001) (0.0001) (0.0001)
Drip loss −0.327 0.468 0.491
(0.0001) (0.0001) (0.0001)
Cook loss −0.288 0.454 0.298
(0.0001) (0.0001) (0.0001)
FIGURE 1. The relationship between expressible moisture (EM) and
L* value (3 h) of broiler breast ﬁllets (EM = 1.956242 + 0.461329 × L, R2
= 0.7576, P = 0.0001).
FIGURE 2. The relationship between expressible moisture (EM), pH,
and L* value (3 h) of broiler breast ﬁllets (EM = 144.9957 + 0.5186 ×
plant − 3.1664 × color − 1.8871 × L − 20.9385 × pH + 0.3521 × L × pH,
R2 = 0.2147, P = 0.0001).
high L* value and pH may be an artifact of the response
surface modeling procedure, as none of the experimental
observations were actually in this region of the surface.
Themajority ofthesedatawere inthevalleyof thesurface
that extends from high L* value and low pH to low L*
value and high pH.
There is a very strong, negative correlation between
pH and L* value (Barbut, 1997) that would make the
occurrence of simultaneous high pH and high L* value
unlikely. Furthermore, with the postmortem decline of
pH, it would not be likely that a 3-h postmortem pH of
6.7 would occur. This same relationship with 24 h L*
values (Figure 3) indicated a more linear relationship that
was less dependent on pH.
Drip loss is another method to measure water-holding
capacity. The relationships among drip loss, pH, and L*
value (3 and 24 h) are shown in Figures 4 and 5, respec-
tively. In general, as drip loss increased, L* value in-
creased with little effect of pH. The observation that drip
losswasmoreinﬂuencedby L*valuethanbypHsuggests
that L* value may be a better predictive tool than pH for
sorting ﬁllets for potential functionality. The increase in
FIGURE 3. The relationship between expressible moisture (EM), pH,
and L* value (24 h) of broiler breast ﬁllets (EM = 15.0667 − 0.0881 ×
plant − 1.3946 × color − 0.0058 × L × L − 0.9182 × pH × pH + 0.1982 ×
L × pH, R2 = 0.2304, P = 0.0001).
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FIGURE 4. The relationship between drip loss, pH, and L* value (3
h) of broiler breast ﬁllets (drip = 76.8644 + 0.3911 × plant − 0.1151 ×
color + 0.0460 × plcol − 1.9461 × L − 6.1628 × pH + 0.0134 × L × L +
0.0862 × L × pH, R2 = 0.3746, P = 0.0001).
FIGURE 5. The relationship between drip loss, pH, and L* value (24
h) of broiler breast ﬁllets (drip = 168.7054 + 0.7006 × plant + 0.4500 +
color − 3.8526 × L − 20.8005 × pH + 0.0250 × L × L + 0.7117 × pH × pH
+ 0.2064 × L × pH, R2 = 0.4179, P = 0.0001).
FIGURE 6. The relationship between drip loss and L* value (3 h) of
broiler breast ﬁllets (drip = 31.9857 − 1.2094 × L + 0.0125 × L × L, R2 =
0.8972, P = 0.0001).
drip loss observed at very low L* values, regardless of
pH, may be caused by factors other than those involved
in PSE meat. In other words, pH is not the only factor
inﬂuencing drip loss, and other aspects may become im-
portant at these lower L* values. The plotted drip loss of
each incremental level of L* value indicated that protein
functionality (measured by drip loss) remained relatively
stable until an L* value of about 54, above which drip
loss increased (Figure 6). The inﬂection at an L* of 54
suggested the use of 54 as an appropriate threshold pre-
dictor of compromised water-holding capacity in this ex-
periment. The threshold L* value of 54 was consistent
with the expressible moisture inﬂection observed in Fig-
ure 2.
A third parameter used to evaluate water-holding ca-
pacity is cook loss, which is evaluated by measuring per-
centage weight loss during cooking. As expected, when
L* value increased, cook loss also increased (Figure 7).
At low L* values, cook loss seemed to be more dependent
on pH than at high L* values. In general, cook loss was
predicted better by L* value than by pH. For 24-h L*
values, pH had a greater impact on cook loss and was
somewhat less dependent on L* value when compared
to cook loss at 3-h L* values (Figure 8). The different
shapes of the surfaces in Figures 7 and 8 may be due to
the differing relationships between cook loss, pH, and L*
value at3 and24 h. Cookloss isa very complexparameter
that may be inﬂuenced by many factors with the relative
importance of L* value and pH changing from 3 to 24 h
postmortem. Plotting mean cook loss with incremental
levels of L* value indicates that as L* value increases,
cook loss also increases (Figure 9). This observation sug-
gests that cook loss is also a possible, albeit destructive,
predictive tool for PSE.
Incidence—Experiment 2
In Experiment 1, the percentage of ﬁllets with L* values
greater than 54 was suggested to determine the incidence
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FIGURE 7. The relationship between cook loss, pH, and L* value (3
h) of broiler breast ﬁllets (cook = 89.3947 − 5.5333 × tr − 1.7966 × color
− 0.5173 × L − 9.8665 × pH + 0.1381 × L × pH, R2 = 0.5946, P 0.0001).
FIGURE 8. The relationship between cook loss, pH, and L* value
(24 h) of broiler breast ﬁllets (Cook = 223.8361 − 5.7880 × tr − 3.2294 ×
color − 2.0981 × L − 33.5179 × pH + 0.0185 × L × L + 2.4254 × pH × pH,
R2 = 0.5833, P = 0.0001).
FIGURE 9. The relationship between cook loss and L* value (3 h)
of broiler breast ﬁllets (Cook =− 7.370405 + 0.452178 × L + 0.001466 ×
L × L, R2 = 0.9034, P = 0.0001).
of PSE. The threshold value of 54 was selected because
it was the minimum L* value of the pale ﬁllets used in
Experiment 1 and may not apply to all situations. The
use of this threshold value was reinforced by the drip
loss curve increase above 54 in Figure 6. The frequency
of L* values is shown in Figure 10. Approximately 47%
of the measured ﬁllets had L* values greater than 54,
which only indicates that a large proportion of the ﬁllets
are pale in color. Although this value does not mean that
47% of the ﬁllets are PSE meat, it does suggest that they
have the potential to have lower water-holding capabili-
ties. Evidence of this potential is that expressible moisture
of broiler breast meat increased at L* values above 54
(Figure 6). Although the purpose of this study was not
to evaluate the effect of season or living condition factors,
the statistical analysis indicated no effect of season (sam-
FIGURE 10. Frequency of L* values (3 h) of broiler breast ﬁllets in
a commercial processing plant. The black line represents the threshold
between pale and normal meat (L* value = 54).
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pling month) or ﬂock on PSE incidence or meat character-
istics.
In conclusion, these results suggest that a large portion
of commercially processed broiler meat can be pale in
colorandhasthepotentialforlowerwater-holdingcapac-
ity. L* value seems to be of more predictive value than
pH, is easier and faster than pH, and could therefore be
used to sort chicken meat in commercial processing
plants. Sorting out the defective meat may allow use of
specialized formulations to counteract the lower protein
functionality in the PSE meat.
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